Triple-negative breast cancer (TNBC) is the leading cancer in women. Chemotherapeutic agents used for TNBC are mainly associated with dose-dependent toxicities and development of resistance. Hence, novel strategies to overcome resistance and to offer dose reduction are warranted. In this study, we designed a novel dual-functioning agent, conjugate of cholecalciferol with PEG 2000 (PEGCCF) which can self-assemble into micelles to encapsulate doxorubicin (DOX) and act as a chemosensitizer to improve the therapeutic potential of DOX. DOX-loaded PEGCCF (PEGCCF-DOX) micelles have particle size, polydispersity index (PDI), and zeta potential of 40 ± 8.7 nm, 0.180 ± 0.051, and 2.39 ± 0.157 mV, respectively. Cellular accumulation studies confirmed that PEGCCF was able to concentration-dependently enhance the cellular accumulation of DOX and rhodamine 123 in MDA-MB-231 cells through its P-glycoprotein (P-gp) inhibition activity. PEGCCF-DOX exhibited 1.8-, 1.5-, and 2.9-fold enhancement in cytotoxicity of DOX in MDA-MB-231, MDA-MB-468, and MDA-MB-231DR (DOX-resistant) cell lines, respectively. Western blot analyses showed that PEGCCF-DOX caused significant reduction in tumor markers including mTOR, c-Myc, and antiapoptotic marker Bcl-xl along with upregulation of preapoptotic marker Bax. Further, reduction in mTOR activity by PEGCCF-DOX indicates reduced P-gp activity due to P-gp downregulation as well and, hence, PEGCCF causes enhanced chemosensitization and induces apoptosis. Substantially enhanced apoptotic activity of DOX (10-fold) in MDA-MB-231(DR) cells confirmed apoptotic potential of PEGCCF. Conclusively, PEGCCF nanomicelles are promising delivery systems for improving anticancer activity of DOX in TNBC, thereby reducing its side effects and may act as a potential carrier for other chemotherapeutic agents.
INTRODUCTION
Chemotherapy is the primary choice of treatment for early stages of cancer and is also used in conjugation with surgery and radiation for the late stages of cancer. However, chemotherapy is associated with the unavoidable side effects, leading to toxicity to patients and development of drug resistance (1) (2) (3) (4) . The development of advanced drug delivery systems has shown great potential to yield enhanced therapeutic efficacy and comparatively higher accumulation of drug in tumor cells along with minimal exposure to normal tissues (1, 5, 6) . However, the development of multidrug resistance (MDR) in cancer cells is of grave concern, limiting the efficacy of anticancer agents and, hence, the failure of therapy. Several biochemical changes have been described to be involved for the development of MDR (5-7). Overexpression of ATP-binding cassette transporters causing efflux of drug, overexpression of P-glycoprotein (P-gp), multidrug resistance-associated proteins (MRP1, MRP2), and breast cancer resistance protein (BCRP) are some of the major mechanisms reported to be involved in the development of MDR (6) (7) (8) .
Triple-negative breast cancer (TNBC) is one such condition offering therapeutic challenge due to its intractable Electronic supplementary material The online version of this article (https://doi.org/10.1208/s12249-017-0885-z) contains supplementary material, which is available to authorized users. characteristics, lack of well-defined molecular targets, and development of MDR (9, 10) . It is considered to be one of the most aggressive cancers, lacking estrogen receptor (ER), progesterone receptor (PR), and HER2/Neu receptor expression and accounting for 15% of the breast cancer cases with a high relapse rate (10, 11) . The absence of ER, PR, and HER2 protein expression makes TNBC highly insensitive to therapies such as tamoxifen and aromatase inhibitors and HER2-targeted therapies such as trastuzumab and lapatinib. Consequently, anthracyclines and taxanes remain a standard therapy for the TNBC patients (9, 12) . However, long-term doxorubicin (DOX) therapy leads to cytotoxicity in normal tissue, myelosupression, and cardiotoxicity (13) .
Application of nanoscale drug delivery carriers has been proved to be a successful strategy to overcome drug resistance (6, 14) and enhance therapeutic efficacy of the drugs. The polymeric micelle-based systems have proved to be an efficient inhibitor of P-gp, leading to altered internalization and subcellular localization of drugs (6, (15) (16) (17) . A narrow size distribution also avoids their uptake by the reticuloendothelial system (RES) and promotes their release at the leaky tumor vasculature, leading to passive accumulation (18) . The biodistribution of nanomicelles and that of the incorporated drug are largely influenced by the properties of outer shell (19, 20) . So far, the most frequently used hydrophilic polymer is poly(ethylene glycol) (PEG) due to its biocompatibility and ability to avoid opsonization by serum proteins (21) . The P-gp inhibition property of the polymeric micelles has been widely explored in order to enhance the delivery and localization of chemotherapeutics in resistant cancers (6) . Lee et al. demonstrated high cytotoxicity in DOX-resistant MCF7 cells via folate-conjugated DOXloaded micelles by receptor-mediated endocytosis overcoming P-gp (22) . Another study by Wei et al. showed significantly lower half maximal inhibitory concentration (IC 50 ) in human lung adenocarcinoma cell lines SPC-A1 and A-549 by paclitaxel-loaded pluronic P123/F127-mixed polymeric micelles (17) (18) (19) (21) (22) (23) . Cambón et al. demonstrated enhanced cellular accumulation of DOX by poly(butylene oxide)-poly(ethylene oxide)-poly(butylene oxide) block copolymeric micelles, leading to higher toxicity in ovarian NCIADR-RES cell lines overexpressing P-gp (24) .
Several polymeric formulations have been studied in clinical trials. DOX-loaded polymeric micelle (NK911), paclitaxel-loaded radiosensitive nanomicelles (Genexol ® PM), cisplatin-loaded polymeric micelles (NC-6004), and epirubicin-loaded nanomicelles (NC-6300) are some of the examples of drug-loaded micelles in clinical trials (6, 15) . These reports clearly reveal the capability of micelles in overcoming drug resistance and their wide applicability in cancer therapy.
Vitamin D is very well known for its role in calcium and phosphorus metabolism and has also been explored for its inhibition of cell proliferation and induction of cell differentiation). Various studies have shown the impact of vitamin D on reversal of resistance; Yan and Nuriding observed the reversal of MDR on vitamin D-treated Jurkat/ ADR and K562/ADR cells, following through reduction in MDR1 and MRP1 mRNA expression, P-gp content on the cell surface, and intracellular GSH level in a dosedependent manner (25) . Vitamin D 3 in combination with metformin has been shown to inhibit the proliferation of human breast cancer MDA-MB-231 cells and promoted apoptosis (26) . A combination of vitamin D and celecoxib has also been reported to show additive effects along with improved chemotherapeutic efficacy on MCF7 and MDA-MB-231 breast cancer cells (27) . Despite all these reports, there has been a very limited effort towards the development of a drug delivery carrier with vitamin D with an aim of simultaneously delivering the payload chemotherapeutic. There has been only one report where PEG-vitamin D succinate conjugate was used as a pharmaceutical additive and has been shown to elicit P-gp inhibitory effect on Caco-2 cells (28) . Thus, in the present study, we aim to synthesize vitamin D conjugated with PEG (PEGCCF) and explore its dual role of DOX-loaded PEGCCF (PEGCCF-DOX) micelles, i.e., as an excipient to encapsulate drug in a nanoformulation and to act as a chemosensitizer for enhancing the therapeutic potential of the anticancer drug activity in breast cancer. 
MATERIALS AND METHODS

Materials
Synthesis of Cholecalciferol Glutarate
Cholecalciferol glutarate was synthesized by the reaction of glutaric anhydride with cholecalciferol in dry DCM in the presence of TEA in the dark (29, 30) . Briefly, about 5 g (12.9 mmol) of cholecalciferol was dissolved in anhydrous chloroform (100 mL) containing 5.4 mL TEA (38.7 mmol) and about 7.4 g (64.9 mmol) of glutaric anhydride was added to it. The reaction was refluxed. Thin-layer chromatography (TLC) with mobile phase methanol/ethyl acetate (1:8) was carried out to observe reaction progress. After 3 days, the chloroform layer was washed with 100 mL of 0.1 N HCl and dried over anhydrous Na 2 SO 4 . The chloroform layer was evaporated using a rotary evaporator. The residue thus obtained was dissolved in petroleum ether, and the precipitate of excess glutaric anhydride was filtered. Finally, the petroleum ether was evaporated and brown solid residue (cholecalciferol glutarate) was obtained.
Synthesis of PEGCCF
PEGCCF was synthesized by the reaction of cholecalciferol glutarate with mPEG in the presence of DCC and DMAP using dry DCM as solvent (31, 32) . Briefly, about 5 g (2.5 mmol) of mPEG was dissolved in anhydrous DCM followed by the addition of 516 mg (2.5 mmol) of DCC and a catalytic amount of DMAP (5 mg). Cholecalciferol glutarate (1.24 g, 2.5 mmol) was added to the reaction mixture, and stirring was done at room temperature for 48 h. The precipitates formed during the reaction were filtered. The filtrate was concentrated, and the residue was dissolved in ethyl acetate. Ethyl acetate was evaporated, and the residue was again dissolved in ethyl ether and filtered. The filtrate was evaporated to obtain the product. The PEGCCF formed in the reaction was dried in a vacuum desiccator.
Characterization of PEGCCF Conjugate
Fourier transform infrared (FTIR) spectra were obtained by the KBr disc method using a Thermo Scientific Nicolet iS5 FT-IR instrument (Waltham, MA, USA). NMR spectra were performed with Varian Mercury 300 MHz NMR Spectrometer using CDCl 3 as solvent.
Critical Aggregation Concentration Determination
The critical aggregation concentration (CAC) of PEGCCF micelles was determined by fluorescence spectroscopy using pyrene as a hydrophobic probe according to a procedure reported earlier (28) with slight modifications. Briefly, about 20 μL of a stock solution of pyrene (0.1 mM) in acetone was taken in different glass vials and the solvent was removed by blowing air. To each of these vials, varying volumes of PEGCCF micelle solution were added and the final volume was adjusted with distilled water to get a series of solutions with constant pyrene concentration (1 × 10 −6 M) and varying amounts of PEGCCF (0.001 to 0.75 mg/mL). The solutions were allowed to equilibrate overnight at room temperature, and the excitation spectra were recorded from 300 to 350 nm wavelength at an emission wavelength of 390 nm using a fluorescence spectrophotometer (Cary Eclipse, Agilent Technologies). The ratio of the excitation intensities at 338 and 336 nm (I 338 /I 336 ) was plotted against PEGCCF concentrations, and CAC was obtained from an inflection point in the plot.
Preparation of PEGCCF-DOX Micelles
PEGCCF-DOX micelles were prepared by a pH-induced self-assembly method according to a procedure reported earlier with slight modifications (33, 34) . Briefly, DOX.HCl was stirred overnight with triethylamine in 2 mol ratio in the presence of DMSO to obtain DOX-free base. PEGCCF (25 mg) and DOX (2 mg) were dissolved in 50 μL of ethanol at 60°C. The solution was then added dropwise to 950 μL of phosphate-buffered saline (PBS) (pH~7.4) at 60°C with constant stirring. The low solubility of DOX in PBS at pH7
.4 led to the incorporation of DOX into the hydrophobic core of the PEGCCF micelles. The particle size of micelles was reduced by ultrasonication (Branson probe sonicator, USA) for 2 min followed by cooling down to room temperature. The measurement of hydrodynamic diameter and zeta potential of micelles was performed using Nicomp 380 ZLS (particle sizing system; Port Richey, FL). The encapsulation efficiency of PEGCCF micelles was obtained by the ratio of experimental drug loading (actual amount of drug encapsulated in the nanomicelles) and by the theoretical drug loading (total amount of DOX initially used for encapsulation). The concentration of DOX was determined by HPLC (Waters e2695 Separation Module; MA, USA) fitted with a Waters 1525 binary pump and Waters 2996 photo diode array detector on a ZORBAX SB-C18 column (4.6 × 250 mm 2 , 5 μm) at 258 nm wavelength. The mobile phase was acetonitrile and phosphate buffer (pH 3.0; 30:70) at a constant flow rate of 1 mL/min. Blank PEGCCF micelles were prepared following a similar procedure except the addition of DOX. PEGCCF-DOX micelles were stored at 2-8°C for 2 months for stability studies.
In Vitro DOX Release Studies
The DOX release from PEGCCF-DOX micelles was determined by using a dialysis bag technique in PBS (pH 7.4). DOX.HCl aqueous solution (2 mg/mL) was prepared. An aliquot of 1 mL of DOX.HCl solution and 1 mL of PEGCCF-DOX micelles containing 2 mg/mL of DOX were sealed in dialysis tubes (MWCO of 10,000 Da; Sigma-Aldrich Co., MO) and immersed in 250 mL of PBS. The release experiment was conducted in an incubator shaker set at 100 rpm and 37°C temperature. At different time intervals, 1 mL of samples was withdrawn and replaced with an equal amount of fresh PBS. The samples were analyzed on HPLC.
Cellular DOX Accumulation Studies
Cellular uptake studies were conducted for DOX and Pgp substrate rhodamine 123 as mentioned in an earlier report with slight modifications (35) . Briefly, MDA-MB-231DR cells were seeded in six-well plates at a density of 50,000 cells/well, washed with PBS after 24 h, and treated with DOX (5 μM), free rhodamine 123 (1 μM), and PEGCCF micelles corresponding to an equivalent amount of free DOX and an equivalent amount of rhodamine 123. After incubation for 30 min, cells were washed with PBS twice and observed using fluorescence microscopy (Olympus, Inc., USA).
Cytotoxicity Evaluation
Cytotoxicity evaluation of DOX, cholecalciferol, and a combination of both was performed at predetermined concentrations on various TNBC cell lines by crystal violet cytotoxic assay according to a procedure reported earlier (36) (37) (38) . The MCF10A, MDA-MB-231DR, MDA-MB-231, and MDA-MB-468 TNBC cells were plated in 96-well plates, at a density of 10,000 cells/well, and were allowed to incubate for 24 h. After 24 h, the cells were washed with fresh medium and were exposed to different treatments as described above. After 48 h, cells were fixed with 0.5% v/v glutaraldehyde and viability was assessed by crystal violet assay. A microplate reader (Tecan, Tecan Austria GmbH, Austria) was used to measure absorbance at 570 nm. Percentage cytotoxicity was calculated, and the results were expressed as percent cell kill versus concentration of drug. IC 50 value was calculated using Sigma Plot software, version 9.0 (Systat Software, San Jose, CA). Combination index (CI) was calculated as per the analytical method of Chougule et al. (39) , and drug interaction was analyzed.
Migration Assay
In vitro migration (scratch) assay was performed to analyze the percent inhibition of bridging of migration area by DOX and cholecalciferol alone and in combination. The assay was performed as per the protocol described in our previous reports (37) . In short, MDA-MB-231DR cells (1 × 10 4 cells/well) were seeded in a 96-well plate in complete growth media and allowed to incubate overnight, and a uniform scratch was made in the center of each well using a cell scraper. Cell treatment was done with DOX (10 μM), cholecalciferol (5 μM), and a combination of DOX (10 μM) and cholecalciferol (5 μM). After 48 h of treatment exposure, cells were fixed with 0.5% glutaraldehyde followed by staining with crystal violet for 30 min. An Olympus microscope was used to take images of the scratch area. Gap (scratch) area prior and post the treatment was calculated using ImageJ software.
Western Blot
Western blot analysis was performed according to a procedure standardized in previous report (37) . Briefly, MDA-MB 231DR cells were seeded in a culture flask and treated with DOX (0.5 μM), blank PEGCCF micelles, and PEGCCF-DOX micelles. The standard protocol was used to prepare the whole-cell protein lysates. Equivalent amounts of supernatant proteins (50 μg), from all the groups, were denatured, separated using 10% SDS-PAGE gel, and for immunoblotting, transferred onto a nitrocellulose membrane. The nitrocellulose membranes were blocked using PBST containing 5% BSA and probed overnight with primary antibodies against mTOR, Bcl-xl, Bax, and β-actin (1:1000) and c-Myc (1:500), and protein detection was carried out with HRP-conjugated secondary antibodies. Finally, ImageJ software (v1.33u; NIH) was used for quantification and result analysis.
Flow Cytometry
MDA-MB-231DR cells were seeded in a 24-well plate at a density of 1 × 10 5 cells/well and cultured for 24 h at 37°C in complete media. After 24 h, cells were washed with fresh medium and treated with DOX (0.5 μM), blank PEGCCF micelles, and PEGCCF-DOX micelles containing an equal amount of DOX, respectively. After 48 h of exposure, media were completely discarded and cells were washed with icecold PBS twice and incubated with annexin V/FITC. The fluorescence-activated cell sorter (FACS) Calibur flow cytometer (BD, Franklin Lakes, NJ) was used to determine the intracellular fluorescence of apoptotic cells.
Statistical Analysis
The experiments were performed in triplicates. Data are presented as mean ± standard deviation. Comparisons were carried out using Student's t test. Statistical significance to a level of p < 0.05 was acceptable.
RESULTS
Effect of Cholecalciferol on Cytotoxicity and Cell Migration
Effect of cholecalciferol on cytotoxicity of DOX in MDA-MB-231DR TNBC cell lines was evaluated using crystal violet assay. Different concentrations of cholecalciferol were evaluated, and cholecalciferol (10 μM) was found to be noncytotoxic for the cells (data not shown). Enhanced cytotoxicity of DOX (0.4 μM) was observed in combination with cholecalciferol (10 μM) (Fig. 1a) . Further, the effect of cholecalciferol on migratory and invasiveness capacity of MDA-MB-231DR cells was evaluated by scratch assay. About 60% bridging was observed in the control group after 48 h, while cholecalciferol (5 μM) and DOX (10 μM) alone showed 50 and 47% bridging of scratch area, respectively. A significant reduction (p < 0.01) in bridging of scratch area was observed, when cells were treated with a combination of cholecalciferol (5 μM) and DOX (10 μM) as compared to the cells treated with either cholecalciferol or DOX alone (Fig. 1b) . Above results indicate that even noncytotoxic concentration of cholecalciferol enhanced cytotoxicity and antimigratory effect of DOX.
Synthesis and Characterization of PEGCCF
The synthesis scheme of PEGCCF is shown in Fig. 2a . Synthesis of PEGCCF was achieved by esterification of PEG and cholecalciferol glutarate and confirmed by 1 H NMR spectroscopy (Supplemental Fig. S1 ) and FTIR (Supplemental Fig. S2 ). Comparative 1 H NMR spectra of cholecalciferol, glutaric anhydride, cholecalciferol glutarate, and PEGCCF are shown in Fig. S1 . The characteristic shifts of cholecalciferol H21, H26, and H27 protons were observed at δ 0.97 ppm (40) . The stereoisomeric proton H19 was observed at δ 4.8 and δ 5.09 ppm. The proton H3 adjacent to the hydroxyl group was observed as singlet around 3.9 ppm, and the alkene protons H6 and H7 appeared as doublet at δ 6.0 ppm and δ 6.1 ppm. The steroid skeleton shifts were observed as a group of peaks between δ 0.5 ppm and δ 2.9 ppm. The 1 H NMR spectrum of cholecalciferol glutarate contained all of the chemical shifts of steroid skeleton except the H3 proton signal shifted downfield to δ 5.0 ppm, indicating that the −OH group adjacent to H3 proton has been converted into ester after reaction with glutaric anhydride. Further, the synthesis of PEGCCF micelles was confirmed by the presence of PEG proton around δ 3.5 to 3.6 ppm besides the proton observed in case of cholecalciferol glutarate. The FTIR spectrum of cholecalciferol glutarate showed the stretching vibration of carboxyl group −OH at 3200 cm −1 and stretching vibration corresponding to the C = O group of ester and carboxylic acid were observed at 1735 and 1710 cm −1 , respectively, indicating that glutaric anhydride ring opened during the reaction forming ester with the cholecalciferol hydroxyl group, leaving a free carboxylic group at the other end. In the spectrum of PEGCCF, the appearance of characteristic -C-O-C skeletal stretch at 1104 cm −1 and disappearance of C = O stretching vibration of carboxyl group confirmed a successful synthesis of PEGCCF via esterification of PEG and cholecalciferol glutarate. The particle size, polydispersity index (PDI), and zeta potential of PEGCCF micelles was 40 ± 8.7 nm, 0.180 ± 0.051, and 2.39 ± 0.157 mV, respectively. The encapsulation efficiency was 92.4 ± 2.7%. Further, 2-month stability data demonstrated that micelles were stable at 2-8°C with no significant change in particle size and encapsulation efficiency. As shown in Fig. 2b , the CAC of PEGCCF micelles was calculated using a pyrene probe method and was determined as 0.089 mg/mL.
In Vitro DOX Release
Drug release profile of DOX alone and PEGCCF-DOX cells was determined in PBS (pH 7.4). A very high burst release was observed in case of DOX alone with almost 90% release of DOX in first 4 h, whereas PEGCCF-DOX micelles exhibited a better controlled release comparatively with a low initial burst for first 2 h with about 44% drug release in 4 h followed by a longer sustained release phase with 93% drug release in 12 h (Fig. 3a) . From this study, it can be concluded that PEGCCF micelles are reducing the rate of release of DOX.
Cellular DOX and Rhodamine 123 Accumulation Studies
To determine P-gp inhibition by PEGCCF micelle, rhodamine 123 (fluorescent P-gp substrate) was taken as standard. The cellular uptake of free rhodamine 123, rhodamine 123 + cholecalciferol, and rhodamine 123 loaded in PEGCCF micelles was evaluated. Green fluorescent intensity of rhodamine 123 was highest when loaded in PEGCCF micelles followed by rhodamine 123 + cholecalciferol and was lowest in rhodamine 123 alone. Similar results were observed for uptake studies of DOX (red fluorescence).
Intensity of red fluorescence was highest when DOX was loaded in PEGCCF micelles (Fig. 3b) . And red fluorescence was lowest when DOX was added alone in the cells. This study distinctly suggests that PEGCCF micelles enhanced the drug accumulation in the cancer cells through P-gp inhibition.
In Vitro Cytotoxicity Studies of PEGCCF-DOX Micelles
Toxicity evaluation of blank micelles was performed on normal breast MCF10A cells and breast cancer MDA-MB-231 and MDA-MB-468 cells. Since PEGCCF micelles did not show any significant cytotoxicity up to 0.062 mM, a concentration of 0.030 mM was utilized to carry out further biological studies. Cytotoxicity evaluation of PEGCCF-DOX micelles was performed on MDA-MB-231, MDA-MB-231DR, and MDA-MB 468 cells (Fig. 3c) . Efficacy of DOX was enhanced after encapsulation into PEGCCF micelles. A 2.9-fold, 1.8-fold, and 1.5-fold reduction in IC 50 of DOX was observed when evaluated on MDA-MB-231DR, MDA-MB-231, and MDA-MB-468 cell lines, respectively, as compared to free DOX. CI of 0.34, 0.55, and 0.68 was observed in MDA-MB-231DR, MDA-MB-231, and MDA-MB-468 cell lines, respectively.
Western Blot
Consistent with the results from in vitro cytotoxicity and cell uptake studies, western blot analysis of protein mTOR was significantly (p < 0.01) downregulated in PEGCCF-DOXtreated cells when compared to control. Further, western blot bands revealed that c-Myc expressions were reduced by fivefold in PEGCCF-DOX-treated cells, as compared to untreated cells. Also, the expression for proapoptotic marker Bax was upregulated by 3-fold and Bcl-xl expression was downregulated by 2.3-fold (p < 0.01) (Fig. 4) .
Flow Cytometry
Flow cytometry analysis was performed to understand the effect of PEGCCF micelles on MDA-MB-231DR cells. Flow cytometry data suggested that PEGCCF-DOX micelles induced apoptosis in MDA-MB-231(DR) cells when incubated for 48 h. PEGCCF-DOX micelles showed significantly enhanced early apoptosis (21.61%) as compared to an equivalent amount of free DOX where merely 2.16% early apoptosis was observed (Fig. 5 ). All these observations are in agreement with cytotoxicity results of PEGCCF micelles, suggesting chemosensitization and thus enhancing the apoptotic activity of the DOX.
DISCUSSION
The absence of therapeutic receptors, metastasis, and drug resistance impede TNBC treatment. Moreover, traditional chemotherapy is associated with dose-related toxicities. Hence, novel delivery systems or combination therapies, which promise higher efficacy and lower toxicities, are being investigated. There are numerous reports in the literature supporting the role of vitamin D and its derivatives in the treatment as well as prevention of various types of cancers (41) . Despite huge interest in vitamin D, cholecalciferol and cholecalciferol-based delivery systems have not been explored widely. This is the first study focused on evaluating the role of dual-functioning agent cholecalciferol-PEG conjugate as a nanocarrier and chemosensitizer for the delivery of chemotherapeutic agents in TNBC. We performed studies to investigate the effect of cholecalciferol alone and in combination with the chemotherapeutic agent DOX on TNBC cells.
Our in vitro cytotoxicity studies showed a threefold reduction in IC 50 of DOX when used in combination with cholecalciferol against MDA-MB-231(DR) cells. In scratch assay studies, a combination of cholecalciferol and DOX demonstrated 29% bridging of scratch area as compared to 47% bridging by DOX alone. These studies suggested that cholecalciferol has potential to enhance cytotoxicity and antimigration activity of DOX. Our results are supported by a previous study where co-administration of cholecalciferol Nanomicelle-based drug delivery systems have wide applicability in cancer chemotherapy owing to their enhanced bioavailability, efficacy, and sustained release profiles. Zhao et al. used cholecalciferol-PEG succinate as an adjuvant in DOX-loaded PLGA nanoparticles and demonstrated its P-glycoprotein (P-gp) inhibitory potential (28) . It has been reported that carboxylesterases present in tumor cells can efficiently convert various prodrugs into their active metabolites (43) . In general, esterase activity and intrinsic clearance increase with an increase in carbon chain length (44, 45) . Therefore, we chose a glutarate ester linker instead of succinate ester and successfully synthesized PEGCCF. The particle size of the micelles was 40 ± 8.7 nm, and small particle size promotes penetration and accumulation in the tumor cells. Zeta potential is a measure of magnitude of electrostatic repulsion among the particles bearing the same charge and indicates the stability of colloidal dispersion. In general, higher zeta potential value (absolute value) reflects higher stability due to higher repulsion among the particles. However, in PEGylated nanocarriers, often PEG chains on the surface of nanoparticles prevent aggregation and provide stabilization by acting as a steric barrier (46) . PEGCCF micelles were sterically stabilized by PEG chains on the surface of micelles. PDI reflects broadness in size distribution of nanoparticles. A high PDI value denotes a broad range of particle sizes, low stability, and aggregation of the particles. PEGCCF had PDI 0.180 ± 0.051, suggesting homogeneity and stability of nanoformulation. Further, stability data of PEGCCF-DOX demonstrated that micelles were stable at 2-8°C with no sign of aggregation and loss of encapsulation efficiency. CAC is a crucial factor for determining the stability of micelles. The CAC of PEGCCF nanomicelles was 0.089 mg/mL and is comparable to that of D-alphatocopheryl-poly(ethylene glycol)-1000 succinate (TPGS) (0.2 mg/mL) (47) showing its stability and significance. Cytotoxicity of PEGCCF micelles with MCF10A and MDA-MB-231 cells revealed that the nanomicelles were safe for the cells at a concentration below 0.062 mM. PEGCCF-DOX exhibited a sustained release pattern with a release of 50% of DOX at 8 h when compared to 90% release of DOX when in the free form. The release study suggests that PEGCCF-DOX release DOX over a longer period of time as compared to free DOX.
It is well known that enhanced expression of plasma membrane-associated protein known as P-gp strongly blocks the transport of several hydrophobic drugs into the cancer cells and thus diminishes their cytotoxicity. To evaluate P-gp inhibitory potential of PEGCCF micelles in MDA-MB 231DR cells, DOX and rhodamine 123 accumulation studies were performed. Both rhodamine 123 and DOX are P-gp activity markers and exhibit green and red fluorescence, respectively. Higher uptake of rhodamine 123 and DOX in the combination group is attributed to P-gp inhibitory activity of cholecalciferol (48) . However, the highest uptake was observed via PEGCCF nanomicelles, possibly due to substantial DOX and rhodamine 123 accumulation in the cells by the nanomicelles. Also, due to P-gp inhibitory effect in part by PEGCCF itself which goes in line with other surfactant molecules such as TPGS and in part by hydrolysis of PEGCCF to release cholecalciferol, which also have been shown as a P-gp inhibitor. TPGS has been reported to inhibit P-gp-mediated drug resistance in MDR1 cDNA-transfected cells (G185) having 27-135-fold more resistance to cytotoxic drugs, thereby increasing cytotoxicity of DOX as compared to parental cells. In another study, cholecalciferol succinate has been reported to block P-gp and enhance accumulation of DOX (p < 0.05) (28, 49) . We further evaluated the effect of PEGCCF-DOX on various triple-negative breast cancer cell lines. PEGCCF-DOX exhibited enhanced cytotoxicity of DOX by 2.9-fold (p < 0.01), 1.8-fold (p < 0.05), and 1.5-fold against MDA-MB-231(DR), MDA-MB-231, and MDA-MB-468 cells, respectively, as compared to free DOX. The reasons for enhanced cytotoxicity were possibly higher intracellular uptake of DOX via nanomicelles and cholecalciferol released from hydrolysis of PEGCCF in the cells. Cholecalciferol has been reported to inhibit growth, migration, and invasion in prostate cancer cells (50) . This observation is supported by another study wherein enhanced uptake of DOX was observed when loaded in dextran and poly(D,L-lactide-co-glycolide) blocks copolymer polymeric micelles as compared to DOX alone in DOX-resistant human cholangiocarcinoma (HuCC-T1) cells (51). Viswanathan et al. observed twofold enhancement in the DOX potency in MDA-MB-231 cells when loaded in diblock copolymer-based micelles (52) .
For better understanding of the underlying mechanism, western blot analysis was performed. We observed a significant downregulation in the expression of mTOR (p < 0.01) and c-Myc (p < 0.01). It has been reported that there is a relationship between mTOR signaling and P-gpassociated MDR in cancer cells (53) and mTOR inhibitors have been reported for resistance reversal (54) . The decreased mTOR and c-Myc expression supports that PEGCCF-DOX inhibits P-gp-associated drug resistance and enhances DOX cytotoxicity by sensitizing cells. We also observed significant downregulation of Bcl-xl (p < 0.01) and upregulation of Bax. It is well known that Bax and Bcl2 play a role in cell apoptosis; Bax promotes the cell death whereas Bcl2 subfamily including Bcl-xl suppresses cell death (55) . Our results suggest that Error bars refer to SD, and p value is represented as **p < 0.01 and *p < 0.05 PEGCCF-DOX suppressed Bcl-xl to a greater extent than DOX; thus, it may have a role in enhancing its antiapoptotic activity. The presence of 25-hydroxylase and 25-hydroxyvitamin D 3 1α-hydroxylase has been reported in various breast cancer cells (56) . These enzymes are capable of converting cholecalciferol to calcitriol. We also believe that the observed effects of PEGCCF in the current study are possibly due to conversion of cholecalciferol released from the PEGCCF conjugate to calcitriol. Calcitriol has been reported to exhibit antiproliferative and antiapoptotic activity on MCF7 and MDA-MB-231 cells by downregulation of mTOR, c-Myc, and Bcl-xl (26, (57) (58) (59) . To further understand the effect of PEGCCF on DOX-induced apoptosis, flow cytometry analysis was performed. PEGCCF-DOX demonstrated 10-fold enhancement in DOX-induced apoptosis on MDA-MB-231(DR) cells. Indeed, flow cytometry data was consistent with apoptotic markers c-Myc, Bcl-xl, and Bax. Cholecalciferol being a precursor of the highly active metabolite calcitriol may exhibit higher anticancer activity in vivo. However, further studies are needed to better understand the mechanism of direct anticancer activity of cholecalciferol and its chemosensitizer action in breast cancer.
CONCLUSION
We have synthesized cholecalciferol-PEG conjugate (PEGCCF) and evaluated it as a carrier for the delivery of anticancer drug DOX. Cytotoxicity and antimigration activity of DOX were significantly enhanced when administered in combination with cholecalciferol. PEGCCF micelles exhibited sustained release profile and enhanced DOX accumulation in cancer cells possibly via inhibition of P-gp-mediated MDR. PEGCCF-DOX micelles reduced IC 50 of DOX along with significant downregulation of tumor markers mTOR, c-Myc, and Bcl-xl and upregulation of the apoptotic marker Bax. PEGCCF also increased apoptotic activity of DOX. These effects are essentially important in chemosensitizing and enhancing anticancer activity of DOX and can help in overcoming drug resistance along with reducing side effects. Furthermore, our results have widened the potential use of PEGCCF conjugate as a dual functioning agent, i.e., an excipient to encapsulate anticancer drugs in a nanoformulation and to act as a chemosensitizer for enhancing the therapeutic potential of the anticancer drug. Indeed, further evaluation in animal tumor models is needed to better understand the in vivo therapeutic potential of the proposed strategy. 
